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Electro-Communications, Chofu, Japan
Highly stretchable sensors that can detect large strains are useful in deformable systems,
such as soft robots and wearable devices. For stretchable strain sensors, two types of
sensing methods exist, namely, resistive and capacitive. Capacitive sensing has several
advantages over the resistive type, such as high linearity, repeatability, and low hysteresis.
However, the sensitivity (gauge factor) of capacitive strain sensors is theoretically limited
to 1, which is much lower than that of the resistive-type sensors. The objective of this
study is to improve the sensitivity of highly stretchable capacitive strain sensors by
integrating hierarchical auxetic structures into them. Auxetic structures have a negative
Poisson’s ratio that causes increase in change in capacitance with applied strains, and
thereby improving sensitivity. In order to prove this concept, we fabricate and characterize
two sensor samples with planar dimensions 60mm × 16mm. The samples have an
acrylic elastomer (3M, VHB 4905) as the dielectric layer and a liquid metal (eutectic
gallium-indium) for electrodes. On both sides of the sensor samples, hierarchical auxetic
structures made of a silicone elastomer (Dow Corning, Sylgard 184) are attached. The
samples are tested under strains up to 50% and the experimental results show that
the sensitivity of the sensor with the auxetic structure exceeds the theoretical limit. In
addition, it is observed that the sensitivity of this sensor is roughly two times higher than
that of a sensor without the auxetic structure, while maintaining high linearity (R2 = 0.995),
repeatability (≥104 cycles), and low hysteresis.
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INTRODUCTION
Highly stretchable strain sensors, which detect large strains, are an important element for sensing
deformations of compliant systems, to assess their status and performance control. These soft
matter-based systems include robots and wearable devices (Polygerinos et al., 2017; Rich et al., 2018;
Shintake et al., 2018a), with applications in exploration (Katzschmann et al., 2018), manipulation
(Shintake et al., 2016), virtual reality (Suzuki et al., 2016), and human monitoring (Bartlett et al.,
2016) to name a few. Researchers have developed highly stretchable strain sensors using various
materials and fabrication methods, as summarized in a review article by Amjadi et al. (2016).
There are mainly two types of sensing modes available for highly stretchable strain sensors:
resistive and capacitive modes. Resistive sensing is based on the piezo-resistive effect where
strain causes deformation of the electrodes, and subsequent change in their electrical resistivity.
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Capacitive sensing relies on changes in capacitance between
a pair of electrodes, sandwiching a dielectric material. Strain
changes the area of the electrodes and the thickness of the
dielectric material, resulting in a variation of the capacitance.
As discussed in the literature on strain sensors (Amjadi et al.,
2016; Shintake et al., 2018b), although the resistive-type strain
sensors exhibit high sensitivity (gauge factor, GF), they have large
hysteresis and a non-linear response. On the other hand, the
capacitive-type strain sensors show small hysteresis and a linear
response, thus making them a promising solution for the soft
matter-based systems.
However, the sensitivity of capacitive strain sensors is low
[theoretically 1 (Amjadi et al., 2016; Shintake et al., 2018b)],
which renders them useless for certain applications, for instance,
when a high resolution is required in a fixed system specification.
So far, only a few studies have reported improvement in
sensitivity of the capacitive strain sensors. Nur et al. have
developed a sensor with electrodes made from wrinkled gold
films and have shown sensitivity of 3.05 with maximum strain of
140% (Nur et al., 2018). Xu et al. have demonstrated that a nano
composite membrane consisting of ionic hydrogels and silver
nano fibers, exhibits a large change of the capacitance between
the electrodes, placed at the edges of the membrane (Xu et al.,
2019). In their study, the sensitivity is reported to be 165 with
maximum strain of 1,000%. While these studies are successful in
improving the sensitivity, they suggest opportunities for further
developments. For example, fabrication of wrinkled gold films
requires pre-stretch of the substrate and metal deposition, which
can be difficult to carry out due to its need for a specialized
setup; whereas, hydrogels can suffer from evaporation of aquatic
contents that can change their sensing behavior.
In this paper, we describe a method to improve the sensitivity
of stretchable capacitive strain sensors. Our approach is to
mechanically program the deformation behavior of the sensors
by integrating hierarchical auxetic structures into them. Auxetics
are a type of meta-material, that exhibit a negative Poisson’s
ratio (Liu and Hu, 2010; Ren et al., 2018). When integrated into
the sensors, auxetic structures increase the amount of change
in the capacitance with applied strains, thus leading to a higher
sensitivity. For this study, we have fabricated a prototype strain
sensor where, the auxetic structure forms an elastomeric layer,
and the entire fabrication is done by layer-by-layer process in
a room environment. Thus, the structure of our sensor and its
fabrication process are relatively simpler, compared to the other
studies. The materials used, are elastomers and a liquid metal,
which have almost negligible water content, and provide a stable
sensor response. Using this prototype, we demonstrate, that the
sensitivity of the capacitive strain sensor can be improved by
roughly two times, while maintaining the original characteristics,
such as high linearity, repeatability, and low hysteresis.
SENSITIVITY OF CAPACITIVE STRAIN
SENSORS
Generally, the structure of highly stretchable capacitive strain
sensors is similar to that of a parallel plate capacitor, i.e.,
it consists of a soft dielectric layer sandwiched between two
compliant electrodes, as represented in Figure 1A. With no strain
applied, the capacitance of the sensor in the initial state can be
expressed as
C0 = ε0εr
le0we0
hd0
, (1)
where, ε0 is the permittivity of free space, εr the relative
permittivity of the dielectric layer, le0 the initial length of the
electrode, we0 the initial width of the electrode, and hd0 is the
initial thickness of the dielectric layer. Upon the application of
uniaxial strain, the electrodes of the sensor elongate, their surface
area increases and the thickness of the dielectric layer decreases.
This leads to changes in the capacitance. Assuming the Poisson’s
ratio for the dielectric layer and for the electrodes to be the
same, the capacitance of the sensor under uniaxial strain can be
written as,
C = ε0εr
le0(1+ ε)we0 (1− εν2)
hd0 (1− εν3)
, (2)
where, ε is the strain in the loading (length) direction and ν2 and
ν3 are the Poisson’s ratio in the width direction and the thickness
direction, respectively. Assuming, that the materials used in the
sensor are incompressible, like elastomers (i.e., ν2 = ν3 ≈ 0.5),
Equation (2) becomes
C = C0 (1+ ε) . (3)
Equation (3) suggests that the response of the sensor is
proportional to the applied strain. The sensitivity (gauge factor,
GF) of the sensor is obtained as
GF =
C − C0
C0ε
= 1. (4)
Thus, Equation (4) indicates that the sensitivity of capacitive
strain sensors with normal configuration is equal to 1.
MATERIALS AND METHODS
As discussed above, when the principal strain is applied, the
capacitance of the sensor gets larger due to the increase in
electrode area and decrease in the thickness of the dielectric layer,
as represented in Figure 1A. The Poisson’s ratio of the sensor
structure is normally close to 0.5, which reduces the width of
the electrode and essentially limits the sensitivity theoretically
to 1. In this study, the idea is to integrate auxetic structures
into the sensor architecture for improving its sensitivity. In the
proposed sensor configuration illustrated in Figure 1B, auxetic
structures are attached on both sides of the sensor. Under
application of the principal strain, the negative Poisson’s ratio of
the auxetic structures causes the width to be increased during
sensor deformation, unlike the normal sensors (Figure 1A)
where the width reduces in a similar situation. This means that
ν2 in Equation (2) takes a negative value and no longer equals ν3.
The increased rate of the width change causes increased electrode
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FIGURE 1 | (A) Schematics of capacitive-type stretchable strain sensor. (B) Schematics of the senor with the hierarchical auxetic structure proposed in this study.
area expansion and subsequent thickness reduction, therefore
affecting the capacitive change, and results in high sensitivity.
As for the geometry of the auxetic structure, we employed the
hierarchical design described in the study by Tang et al. (2015).
The deformation of this geometry is depicted in Figure 1B
inset. When stretched, the segments in the auxetic structure
rotate, resulting in an extension perpendicular to the direction
of the applied strain. This deformation characteristic leads to an
increase in the width of the sensor instead of the normal decrease
in width. Apart from the reasons mentioned above, we chose this
design as it exhibits a constant negative Poisson’s ratio until 70%
of linear strain.
The focus of this paper is to prove the aforementioned
concept through the characterization of a physical sensor sample.
The sensor sample is composed of several layers comprising
of the dielectric, electrodes, and auxetic structures, respectively.
Figure 2 details the fabrication process that is done in three parts:
(1) fabrication of the base sensor, (2) fabrication of the auxetic
structure, and (3) assembling of these parts. We used a 0.5 mm-
thick acrylic elastomer layer (3M, VHB 4905) as the dielectric
and the structure of the base sensor, a silicone elastomer (Dow
Corning, Sylgard 184) as the auxetic structure, and a liquid metal
[eutectic gallium-indium (EGaIn)] (Dickey et al., 2008; Dickey,
2017) for the electrodes. These materials were integrated layer-
by-layer. It can be seen in the figure that in the base sensor, the
liquid metal is encapsulated by the acrylic elastomer layers.
Figures 2A–E show the fabrication process of the base sensor.
(Figure 2A) First, a sheet of the acrylic layer for the dielectric was
cut using a laser-engraving machine, and a conductive tape was
placed on both sides of the layer. (Figure 2B) Then, additional
acrylic layers that created a hollow space corresponding to the
electrode shape, were attached. Bonding of the layers was assured
by their intrinsic stiction. (Figure 2C) After this, EGaIn was filled
manually in the hole and (Figure 2D) sealed with another acrylic
layer. (Figure 2E) The steps (Figures 2B–D) were repeated on
the other side of the dielectric layer, and the base sensor was
complete. The inset picture in Figure 2E shows one of the
fabricated sensors.
Figures 2F–H show the fabrication process of the auxetic
structure. (Figure 2F) First, the silicone elastomer was mixed
with a curing agent in the weight ratio of 10:1, and this mixture
was poured into a mold made from an acrylic plate. The mixture
was then cured in an oven at 60◦C for 2 h, which formed a
membrane of thickness 1.0mm. (Figure 2G) Subsequently, a
silicone adhesive film (Taiyo Wire Cloth, Polysil) was attached
onto the membrane. (Figure 2H) Finally, the whole sheet was
cut using the laser-engraving machine, and the auxetic structure
parts were fabricated.
Figures 2I,J show the assembling process. (Figure 2I) The
auxetic structures were attached on both sides of the base sensor.
(Figure 2J) Holders made of an acrylic plate were placed. The
inset picture in Figure 2J shows one such fabricated sensor that
is ready to be tested. The effective length of the sensor where
the electrodes overlap was 40mm, with the outline dimensions
of 60mm× 16 mm.
In order to investigate the effect of auxetic structure on the
improvement of sensitivity, we performed the characterization
on a fabricated prototype. In the characterization, two different
sensor samples were prepared. One was a sensor with the auxetic
structure, and the other was without the auxetic structure. Each
sample was attached to a linear motorized stage (Zaber, X-LRT-
1500) and up to 50% of strain was applied with 5% steps for
capacitance measurement by an LCR meter (TEXIO, LCR6000).
With the same setup, repeatability of the sensor response was
characterized by applying cyclic strain of 50% (strain speed
25%/s). Supplementary Video 1 shows the sensor being tested
under repeated strain. In the characterization, we put our focus
on exploring sensitivity as well as other characteristics such
as linearity and hysteresis. The sensitivity of the sensor was
calculated using Equation (4).
RESULTS AND DISCUSSIONS
First, we visually observed the deformation behavior of the sensor
samples before starting the characterization. As can be seen in
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FIGURE 2 | Fabrication process of the sensor sample. (A–E) Fabrication of the base sensor. (A) A sheet of the acrylic layer is cut and a conductive tape is placed on
both sides of the layer. (B) Additional acrylic layers with the electrode shape are attached. (C) EGaIn is filled and (D) sealed with another acrylic layer. (E) Repeating the
steps (B–D) on the other side. (F–H) Fabrication of the auxetic structure. (F) The silicone elastomer is poured into a mold and cured. (G) A silicone adhesive film is
attached onto the silicone elastomer. (H) The whole sheet is cut. (I,J) Assembling of the parts. (I) The auxetic structures are attached on both sides of the base
sensor. (J) Holders are placed.
Figures 3A,B, the presence of the auxetic structure makes the
electrodes wider with stretching, which is obvious, especially
when 50% strain is applied. We then assessed the sensitivity of
the sensors. The initial capacitance value of the sensors right
after the fabrication was 32.9 pF for the sensor with the auxetic
structure and 32.6 pF for the sensor without the auxetic structure,
respectively. As plotted in Figure 4A, the sample with the auxetic
structure exhibited larger capacitance change compared to the
one with normal configuration. The larger change in capacitance
indicates a higher sensitivity, which essentially validates the
concept of this study.
Moreover, the sensor with the auxetic structure still holds
the original characteristics of capacitive sensing, such as high
linearity (R2 = 0.995) and small hysteresis (3.5%). Here, the
hysteresis was evaluated as the drift error in the sensor reading
at 0% strain, measured before and after the stretch cycles. The
two parameters, linearity and hysteresis, are not directly linked
to the sensitivity but are important in strain sensors; non-
linearity can make the calibration of the device more complex
and difficult, whereas large hysteresis results in the irreversible
sensing performance (Amjadi et al., 2016). In Equation (2), our
sensor should possess a negative value of Poisson’s ratio ν2
in the width direction, due to the auxetic structure property
and also ν2 6=ν3. This changes the form of Equation (3) and
predicts the sensor response to be non-linear. The reason why
the result shows linearity could be the change of ν2 with the
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FIGURE 3 | Deformation of the fabricated sensors at the applied strain of 0, 25, and 50% (top view). (A) Sensor without the auxetic structure and (B) sensor with the
auxetic structure.
FIGURE 4 | Characterization results of the fabricated sensors. (A) Capacitive change as a function of the applied strain for one cycle. (B) Capacitive change as a
function of the applied strain for five cycles. (C) Calculated sensitivity of the sensors. (D) Response of the sensor without the auxetic structure for 11,135 cycles.
(E) Response of the sensor with the auxetic structure for 11,135 cycles.
applied strain. In the proposed configuration, ν2 is considered a
constant regardless of the amount of the strain. However, because
the entire deformation of the sensor is determined from the
structural interaction between the auxetic structures and other
parts, the Poisson’s ratio ν2 may dynamically change with strain,
thus resulting in a linear response.
The performance of the sensor was maintained for additional
cycles, as shown in Figure 4B. Based on this result, we calculated
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the sensitivity GF. The obtained value was 1.61 ± 0.01 for
the sensor with the auxetic structure, and 0.86 ± 0.02 for that
without the auxetic structure, thus indicating that it increased
by 1.9 times for the former sensor (Figure 4C). The sensitivity
1.61 obtained in this study is lower than those reported in the
other studies: 3.05 (Nur et al., 2018) and 165 (Xu et al., 2019).
However, the current design of the sensor is only to validate
the concept of this study and it can potentially be optimized
for achieving better performance. Moreover, our method also
allows implementation of various auxetic geometries available in
the literature (Liu and Hu, 2010; Ren et al., 2018), which could
further improve sensitivity.
We also characterized the repeatability and robustness of the
sensor for a larger number of strain cycles. We applied more
than 11,000 strain cycles (50%) to the sensor samples. The
result is plotted in Figures 4D,E. As can be seen, both sensors
exhibited excellent repeatability and durability, which implies
that the presence of the auxetic structure does not influence
the repeatability of the sensor response, and maintains high
robustness successfully.
To summarize, we have described a method to improve the
sensitivity of highly stretchable strain sensors by integrating
auxetic structures. The proposed sensor configuration uses the
negative Poisson’s ratio of auxetic structures that increases the
width of the sensor in response to the principal strain in
the length direction, unlike the normal sensor configuration
where the width reduces. The deformation characteristics of the
sensor causes larger capacitive change and improved sensitivity.
Through the characterization, we have shown that the fabricated
sensors exhibit improved sensitivity, roughly two times of the
normal sensors. Aside from higher sensitivity, the sensors also
show linearity, low hysteresis, repeatability, and durability. The
results validate the feasibility of the use of the auxetic structures
for highly stretchable strain sensors and thus contribute to their
further development. Lastly, our ongoing work is to further
improve the sensitivity by optimizing the geometry of the sensors
and to understand their mechanical behavior with the aid of
analytical and numerical modeling. As demonstrated in many
studies for example in Bartlett et al. (2016), Nur et al. (2018),
and Shintake et al. (2018b), strain sensors are able to detect
bending deformations when placed on the surface of the target
object. Therefore, applications of our sensor will also include soft
robotic systems that undergo large bending deformations such as
grippers, mobile robots, and wearable devices.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this manuscript will
be made available by the authors, without undue reservation, to
any qualified researcher.
AUTHOR CONTRIBUTIONS
JS and KO designed the experiments. KO and TN collected and
processed data. Data interpretation was performed by JS and TN.
JS wrote the manuscript. All authors have read and approved the
final manuscript.
FUNDING
This work was supported by the Japanese Ministry of Education,
Culture, Sports, Science and Technology (MEXT) through the
Leading Initiative for Excellent Young Researchers (LEADER).
ACKNOWLEDGMENTS
The authors would like to thank Dr. Tilo H. Yang for
helpful discussions.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/frobt.
2019.00127/full#supplementary-material
Supplementary Video 1 | Deformation of the fabricated sensor.
REFERENCES
Amjadi, M., Kyung, K.-U., Park, I., and Sitti, M. (2016). Stretchable, skin-
mountable, and wearable strain sensors and their potential applications: a
review. Adv. Funct. Mater. 26, 1678–1698. doi: 10.1002/adfm.201504755
Bartlett, M. D., Markvicka, E. J., and Majidi, C. (2016). Rapid fabrication of soft,
multilayered electronics for wearable biomonitoring. Adv. Funct. Mater. 26,
8496–8504. doi: 10.1002/adfm.201602733
Dickey, M. D. (2017). Stretchable and soft electronics using liquid metals. Adv.
Mater. 29, 1–19. doi: 10.1002/adma.201606425
Dickey, M. D., Chiechi, R. C., Larsen, R. J., Weiss, E. A., Weitz, D. A.,
Whitesides, G. M., et al. (2008). Eutectic gallium-indium (EGaIn): a liquid
metal alloy for the formation of stable structures in microchannels at room
temperature∗∗. Adv. Funct. Mater. 18, 1097–1104. doi: 10.1002/adfm.200
701216
Katzschmann, R. K., DelPreto, J., MacCurdy, R., and Rus, D. (2018). Exploration
of underwater life with an acoustically controlled soft robotic fish. Sci. Robot.
3:eaar3449. doi: 10.1126/scirobotics.aar3449
Liu, Y., and Hu, H. (2010). A review on auxetic structures and polymeric materials.
Sci. Res. Essays 5, 1052–1063. Available online at: https://academicjournals.org/
journal/SRE/article-abstract/27EF13219060
Nur, R., Matsuhisa, N., Jiang, Z., Nayeem, M. O. G., Yokota, T., and Someya,
T. (2018). A highly sensitive capacitive-type strain sensor using wrinkled
ultrathin gold films. Nano Lett. 18, 5610–5617. doi: 10.1021/acs.nanolett.
8b02088
Polygerinos, P., Correll, N., Morin, S. A., Mosadegh, B., Onal, C. D., Petersen,
K., et al. (2017). Soft robotics: review of fluid-driven intrinsically soft devices;
manufacturing, sensing, control, and applications in human-robot interaction.
Adv. Eng. Mater. 19, 1–22. doi: 10.1002/adem.201700016
Ren, X., Das, R., Tran, P., Ngo, T. D., and Xie, Y. M. (2018). Auxetic
metamaterials and structures: a review. Smart Mater. Struct. 27:023001.
doi: 10.1088/1361-665X/aaa61c
Rich, S. I., Wood, R. J., and Majidi, C. (2018). Untethered soft robotics. Nat.
Electron. 1, 102–112. doi: 10.1038/s41928-018-0024-1
Shintake, J., Cacucciolo, V., Floreano, D., and Shea, H. (2018a). Soft robotic
grippers. Adv. Mater. 30:1707035. doi: 10.1002/adma.201707035
Frontiers in Robotics and AI | www.frontiersin.org 6 November 2019 | Volume 6 | Article 127
Shintake et al. Strain Sensors Using Auxetic Structures
Shintake, J., Piskarev, E., Jeong, S. H., and Floreano, D. (2018b). Ultrastretchable
strain sensors using carbon black-filled elastomer composites and comparison
of capacitive versus resistive sensors. Adv. Mater. Technol. 3, 1–8.
doi: 10.1002/admt.201700284
Shintake, J., Rosset, S., Schubert, B., Floreano, D., and Shea, H. (2016). Versatile
soft grippers with intrinsic electroadhesion based on multifunctional
polymer actuators. Adv. Mater. 28, 231–238. doi: 10.1002/adma.201
504264
Suzuki, K., Yataka, K., Okumiya, Y., Sakakibara, S., Sako, K., Mimura,
H., et al. (2016). Rapid-response, widely stretchable sensor of aligned
MWCNT/elastomer composites for human motion detection. ACS Sensors 1,
817–825. doi: 10.1021/acssensors.6b00145
Tang, Y., Lin, G., Han, L., Qiu, S., Yang, S., and Yin, J. (2015). Design
of hierarchically cut hinges for highly stretchable and reconfigurable
metamaterials with enhanced strength. Adv. Mater. 27, 7181–7190.
doi: 10.1002/adma.201502559
Xu, H., Lv, Y., Qiu, D., Zhou, Y., Zeng, H., and Chu, Y. (2019). An ultra-
stretchable, highly sensitive and biocompatible capacitive strain sensor from
an ionic nanocomposite for on-skin monitoring. Nanoscale 11, 1570–1578.
doi: 10.1039/C8NR08589G
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Copyright © 2019 Shintake, Nagai and Ogishima. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Robotics and AI | www.frontiersin.org 7 November 2019 | Volume 6 | Article 127
